The Sahara and Sahel regions of Africa are important sources of dust particles into the atmosphere. Dust particles from these regions are transported over the Atlantic Ocean to the Eastern American Coasts. This transportation shows temporal and spatial variability and often reaches its peak during the boreal summer (June-July-August). The regional climate model (RegCM 4.0), containing a module of dust emission, transport, and deposition processes, is used in this study. Saharan and Sahelian dusts emissions, transports, and climatic impact on precipitations during the spring (March-April-May) and summer (June-JulyAugust) were studied using this model. The results showed that the simulation were coherent with observations made by the MISR satellite and the AERONET ground stations, within the domain of Africa (Banizoumba, Cinzana, and M'Bour) and Ragged-point (Barbados Islands). The transport of dust particles was predominantly from North-East to South-West over the studied period (2005)(2006)(2007)(2008)(2009)(2010). The seasonality of dust plumes' trajectories was influenced by the altitudes reached by dusts in the troposphere. The impact of dusts on climate consisted of a cooling effect both during the boreal summer and spring over West Africa (except Southern-Guinea and Northern-Liberia), Central Africa, South-America, and Caribbean where increased precipitations were observed.
Introduction
Numerous studies have been focused on Sahelian climate variability contrary to the tropical humid African areas for which reliable data do not exist. Servat et al. [1] showed that the tropical humid belt has been similarly affected by series of climatic episodes in comparison with those observed in the Sahelian zone. In addition, this region has been subjected to significant environmental changes due to the increase of populations and strong exploitation of natural resources such as deforestation [2] . Furthermore, this region is particularly rich in aerosols from various origins leading to coexistence in the region of maritime, desert, urban, and bushfire aerosols. Besides, the plumes of desert and Sahelian dusts ejected into the atmosphere during emission episodes are an integral part of the West African climate system [3] [4] [5] . The greater part of mineral aerosols is emitted from arid and semiarid zones on the Earth where, these surfaces are less protected from erosion because of very limited or inexistent vegetative covers, and of very low soil humidity limiting the cohesion of constituent elements [5] . Thus, the Saharan-Sahelian region has been identified as the world's first source of emission of this aerosol type [6] [7] [8] [9] . Recent studies have made it possible to identify the most active zones in this part of the world. They revealed four major emission sources, that is, the Bodélé region, the Nubian Desert, the Libyan Desert, and the zone covering Mauritania, Mali, and Southern Algeria [10] [11] [12] . The particles, once in the troposphere, can be transported over long distances beyond the African continent. The meteorological conditions in the Sahara and surrounding region will determine the dust plume transportation characteristics (i.e., direction, speed, altitudes, trajectories, distance travel, and duration of transport). Three main trajectories for Saharan and Sahelian dust transportation have been identified, and these include the transatlantic transport toward the Gulf of Guinea, United States of America, Caribbean Island, and South America [8, 13, 14] , the transport towards the Mediterranean and 2 Advances in Meteorology towards Europe [15, 16] , and finally the transport towards Near East and Middle East [17] . A transcontinental transport of aerosol plumes from North Africa to Japan via the Middle East and southern Asia has been suggested by Tanaka et al. [18] . For D'Almeida [13] , 60% of Saharan and Sahelian dusts are transported towards the Gulf of Guinea, 28% towards the Atlantic Ocean and 12% towards Europe. Satellite observations and direct measurements have shown that the dust plume transportation over the Arabic Peninsula, NearEast, and Middle East, is essentially responsible for the dust plume coming from Eastern Sahara (Libya, Egypt, and Sudan) [19] . This transportation is significant during three periods in the year [17] , namely, the spring (March to May), the summer (July to August), and autumn (September to November).
The dust particles may also influence the local atmosphere by absorbing and reflecting solar radiations that modify the radiation toll of the atmosphere and the Earth surface [20, 21] . Their impact on the global radiation budget still remains the big uncertainty that affects the ability of models to predict climatic change [22] . However, some modeling based-studies showed that Saharan and Sahelian dusts can affect the West African monsoon [23] [24] [25] [26] . Although all these studies agree on the fact that dusts have impact on West Africa, they did not agree on the associated atmospheric answers such as the increase and decrease of precipitations over the Sahelian region. Indeed, while Konaré et al. [24] and Solmon et al. [25] have shown that they induce a decrease in precipitations over the Sahelian band, Lau et al. [23] and Kim et al. [27] agreed on the fact that an increase of heat in the higher layers of the troposphere induces an adiabatic warming which, causes an increase of precipitations. Such a controversy perfectly illustrates the complexity of "aerosol-climate" interactions, as well as the necessity of taking them into account in climate prediction models, and the West African climate in particular. However, most of these studies were focused on the monsoon period and very few were concerned about the transitional period (March-April-May), even though intensive events of dust emissions often occur during this period (e.g., during the spring 2010). This paper presents (1) an interseasonal analysis of dust transport from the African continent to the American coasts using regional climatic modeling and (2) assesses the impact of their radiation and associated effects during the transport with specific focus on events of the spring 2010.
Methodology and Data Collection
The regional climate model, RegCM 4.0, designed by the International Centre of Theoretical Physics (ICTP) in Italy, was used to do the climate simulations based on the method used by Giorgi et al. [28] and Pal et al. [29] . A dust particle module was incorporated in the version 3.1 of this model by Zakey et al. [30] . Since then, several studies on dusts have been made using the model [24, 25, 31] . The weekly data of the Optimum Intertropical Sea Surface Temperature (OISST) of the National Center for Environmental Prediction (NCEP) for the values of the Sea Surface Temperature (SST), as well as the reanalysis data of the NCEP, were used as initial meteorological conditions while forcing the model during the simulations. Soil humidity was initialized under standard conditions of the model (RegCM) as defined by Giorgi and Bates [32] . The surface conditions and soil types used in the model were from Dickinson et al. [33] and Zobler [34] , respectively. RegCM4.0 uses the radiation scheme of the NCAR CCM3, which is described in Kiehl et al. [35] . Briefly, the solar component, which accounts for the effect of O 3 , H 2 O, CO 2 , and O 2 , follows the σ-Eddington approximation of Kiehl et al. [35] . It included 18 spectral intervals from 0.2 to 5 μm. The simulations were done between November 2004-December 2010, with 48 × 168 grid points, at the spatial resolution of 60 km and 18 pressure levels. To validate the simulations, available observation data from Aerosol Robotic NETwork (AERONET) on the Barbados station and data from three African stations (Banizoumbou in Niger, Cinzana in Mali, and M'Bour in Sénégal) were used. In addition, monthly observation data from Terra Multiangle Imaging Spectro-Radiometer (MISR) at the spatial resolution of 0.5 × 0.5 degrees were used to validate the monthly mean Aerosol Optical Depth (AOD) values over the whole domain of the simulations. The domain was chosen in manner that the particle sources, transports, and depositional processes from Africa to America could be captured in the simulations. In order to study the climatic impacts, two simulation types were done. While the first type considered dust particles, the second did not.
Results and Discussion

Comparison between Model and
Observations. The simulations made with the climate model, RegCM 4.0, between November 2004-December 2010, showed that the model perfectly simulated the different dust emission sources in the North Africa. The four major sources (the depression of Bodélé, the Nubian Desert, the Libyan Desert, and the zone covering Mauritania, Mali, and Southern Algeria) [11, 12] were well captured (Figures not shown) . Figure 1 shows the comparison between the monthly mean emissions of March, April, and May 2010 from the model and those of the available observations from Terra MISR at the resolution of 0.5 × 0.5 degrees. It appeared that the model properly captured the dust emissions of April and May (Figures 1(c) , 1(d), 1(e), and 1(f)). However, values from the MISR observations were lower than the simulated results. The lower values of the observation could be due to the fact that closer to the sources, substantial amounts of dust present in the lowest atmospheric layers (below 1 km) could not be detected by the satellite [24] . In contrast, great differences were found between the observations and the model simulations for the emissions in March, 2010 (Figures 1(a) and 1(b) ). These differences may be attributed to emissions from biomass fires that were not taken into account in these simulations. However, dust sources were more extended in the model than in the observations, and these were coherent with the results from Konaré et al. [24] obtained with the version 3 of the same model. Therefore, compared to the MISR observations, the model tends to overestimate the AOD in the areas of maximum dust sources. On the other hand, close to these sources substantial amounts of dusts were present in the lower atmospheric layers (below 1 km), which present difficulties for satellite retrieval and hence not detected in the MISR data. The Bodélé Sahel was the most active region during the spring of 2010.
Dust Episodes during March 2010.
This study was focused on March 2010 as a continuation of observations made at the four stations (Banizoumbou, Cinzana, and M'Bour). Modeling data obtained revealed intensive dust emission episodes for March 2010. Two important emission events were simulated by the model over Niger that has been previously identified as sources by N'Tchayi et al. [36] . The first event occurred during the first 10 days of the month (precisely during March 5-8th), whereas the second took place between the 17th and 21st of March ( Figure 2 ). The comparison between AOD values reproduced during these two events with the model and those found by AERONET at the three African stations (Banizoumba, Cinzana, and M'Bour) indicated significant dust emissions ( Figure 3) . However, at the Banizoumba station, the model captured the first peak of March very late. In addition, observations from the stations confirmed that the AOD values were well detected in the model simulations both in terms of magnitude and variability. The second event (17th to 21st March) was well captured by the model than the event of 5th to 8th March. However, the AOD values detected with the model were slightly underestimated compared to the observed values. This underestimation might be explained firstly, by the overestimation of the duration of events (i.e., dust emissions), which was illustrated by the widening of peaks ( Figure 3 ) and, secondly, by the interpolation method to estimate the mean of AOD values from the model. this continued to the Ocean beyond the Guinean Coasts on March 8th (Figure 4 ), before being entirely present over the Atlantic Ocean on March 9th. Dust plumes became less concentrated during the transport as a result of deposition. Thus, the particles emitted on March 6th spent 3-5 days to pass through the continent to the Atlantic Ocean (Figure 4 ). In contrast with these two periods, dust events on the 17th to 21st of March seemed stronger ( Figure 5 ). In fact, the Chad and Niger sources were active simultaneously during the first three days (19th, 20th, and 21st of March) in the way that the spatial evolution was more accentuate than the temporal evolution. This may be attributed to the fact that the model captured well the events of 17th to 21st of March than that of the 5th to 8th of March. Similar paths were found for dust emissions occurring in April and May (i.e., from North-East towards South-West). This direction, as revealed in Figures 4, 5, and 6 for the period March-May, was shown by previous studies, which suggested that dust transport from the African continent was seasonal following three trajectories: (i) the transatlantic trajectory towards the USA, Caribbean Islands, and South America [8, 15, 37] , (ii) the transport towards the Mediterranean and Europe [16] , and (iii) the transport to the Near East and Middle East [17] . Thus, dusts emitted from Sahara and Sahel can reach the West Indies during the summer [17] , whereas during the spring, they are transported through South America to the Amazonian basin and eastern Mediterranean [8, 38] .
Temporal Evolution of Dust
The transatlantic trajectory of dust particles is known to be influenced by the Inter-Tropical Convergence Zone (ITCZ) [39, 40] . This trajectory is influenced by the different mechanisms of dust plume rising in the atmosphere linked to monsoon flow. The convergence of Harmattan and monsoon wind in the low pressure zone in the ITD (InterTropical Discontinuty) constitutes a favorable condition for the establishment of strong wind on either side of the ITD favoring the rising of the dust plumes [39, 40] . The directions of the dust plumes vary with the seasons linked to the ITD and the dust rising mechanisms that is governed by the West Africa Monsoon system. It is also modulated by the activity of the East African Waves (EAW), which spread from East to West [41] [42] [43] [44] . These transport features are satisfactorily captured by the Model. Jones et al. [43] showed that 20% of dust particles ejected into the atmosphere over the major part of North Africa were associated with EAW. They suggested that EAW must have regulated the suspension of Saharan and Sahelian dust in the atmosphere. Also, 10-20% of dust seasonality concentrations over North Atlantic Ocean were linked to EAW, an indication of the modulation of dust transport by the EAW. [45] . The model satisfactorily reproduced the variability in most of the peaks observed by AERONET measurements (Figure 7) . However, dust emissions occurring during the first 10 days of March 2010 were not detected by the model. with climate processes. Hence, they constitute an integral component of climate systems over this region. They were present in all the study areas and their concentrations progressively decreased as they moved away from their sources due to the deposition processes, which are various and cover large part of the globe with some preferential sites such as the tropical forest [8] , monsoon zone [46] , and the Oceans [47] .
Dust Detection in
Meridional profile section ( Figure 8 ) revealed that dust sources are located between 18
• N and 22
• N. The dust source around 18
• N (Bodélé) possessed a quasicontinuous activity that is, during the three periods December-JanuaryFebruary (DJF), March-April-May (MAM), and June-JulyAugust (JJA) with the most intensive activity occurring at DJF and MAM. During the dry season (DJF), the dusts were mostly observed in the lower troposphere where they essentially spread from the continent towards the West and from the North towards the South. During the period, MAM, they reached higher altitudes than that of DJF with elevated concentrations towards the South. During the boreal summer, there were not only elevated concentrations but also vertical rising of dust particles. This result was consistent with Chiapello et al. [48] , who showed that during summer, dust particles are transported into higher altitudes than in winter. Between 1
• W and 7
• E, a vertical rising of dusts towards the highest atmospheric strata appeared during the period MAM ( Figure 9 ). This may be due to the existence of a thermal anomaly, which could favor a vertical rising of dust particles. Thus, the period MAM could be a transition between the periods DJF, where the altitudes reached were minimal and JJA showing maximal altitudes. The altitudes reached during MAM were also transitional between those of DJF (low altitudes) and JJA (high altitudes). The altitudes reached by the dust particles strongly impacted the trajectories of dust plumes and therefore have to be taken into account when studying the transport of dust plumes over the Atlantic Ocean. In effect, these altitudes can vary according to the season and the dust concentrations decrease progressively when they are transported from their sources towards the coasts due to the deposition processes. Dust transport is obviously strongly influenced by the regional atmospheric dynamic. Otherwise, the importance of dust concentrations in the low atmospheric strata and their propagation at such low altitudes may be explained by the occurrence of the Harmattan winds in the region during the period, DJF. The Harmattan is a low-altitude wind with its maximal intensity during DJF; it could be assumed to aid the transportation of dust plumes. The dust transport seemed to have been enhanced by the North-East direction of the winds, before reaching the coast towards the Gulf of Guinea. As for the period MAM, the transitional period between the dry season and the monsoon of the boreal summer, a thermal effect of low strata (between 1
• West and 7
• East) could favor the vertical rising of dust particles, explaining the relative importance of altitudes reached. Moreover, during the boreal summer, the regional atmospheric dynamic dominated by the West African monsoon may explain the altitude and trajectory followed by dust plumes. The migration of the Inter-Tropical Convergence Zone (ITCZ) around 10
• N and the resulting dry and wet convections could favor the vertical rising of dust plumes in the troposphere. Thus, the dusts Advances in Meteorology emitted at the surface during the summer are ejected more higher into the atmosphere where the transport towards the Atlantic Ocean is done through the Saharan Air Layer (SAL).
The model properly represented the seasonal variability of the altitudes of dust plumes, which was in agreement with the study by Chiapello et al. [48] . In addition, the influence of the ITCZ's dynamics and dust emission mechanisms during the monsoon [39, 40] were also properly represented using the model. The seasonality of sources and the importance of their activity obtained using the model simulations were coherent with the results of Laurent et al. [9] who had showed that the dust sources located in the West have their maximum activities during June and July, whereas those located in the East have their during March and April. In addition, observations from MODIS, [49] showed that the Bodélé source is quasiactive during the year with maximum activities during January and March. In addition, the maximal dust emissions during the boreal summer coincided with the migration of the Inter-Tropical Front (IFT) towards the North (around 10
• N). This migration favored dry and wet convections that modulated dust emissions [50] , which were well detected with RegCM previously shown Although the activity of the Bodélé source was less important than the mean activity during DJF between 2005 and 2010, dust concentrations in the troposphere and the stratosphere in particular were more important. During the period MAM 2010, a vertical rising observed in the vertical profiles suggested that the altitude at which dusts were transported represented an important factor for the study of the trajectories followed by dust plumes while crossing the Atlantic Ocean, as well as the distance they travel all over.
Climatic Impact of Dust.
Dusts emitted during the monsoon period can significantly affect both its development and the precipitations, as they interfere with short and long wavelength radiations and modify the physical and radiative properties of clouds [23] [24] [25] [26] [27] 51] . This section was devoted to the impact of dust radiative effects on surface temperatures and precipitations both during the periods (MAM) and (JJA). It is important to underline that the results presented in this section are preliminary and required further analysis that will be done in our next work.
Dust Radiative Forcing.
The radiative forcing caused by dusts on the top of the atmosphere is presented in Figure 10 .
It measured dust-induced cooling and warming events on the Earth-Atmosphere system before the climatic processes take place, that is, before any climate process interacts with the solar radiation. The results showed that over the desert, the forcing is either positive or nil, both during MAM and JJA. This may be explained by the important elevated albedo values in the region that reduced the incident solar radiation in the short wavelengths. Change in forcing sign around 15
• N was due to the change in albedo values between the desert in the North and the Sudanian savannas in the South, and also the decrease in dust quantity from sources in the South. The results showed that the radiation forcing induced by dusts at the surface was negative both during MAM and JJA, an indication that dust can exert essential cooling effect at the surface (Figure 11 ). The cooling effect may suppress the vertical movement of air masses due to the lack of convective processes. If the low strata cooling and the reduction in vertical movements are strong and covering large area, it may result in a reduction in ascendant air over the extended surfaces. If this type of phenomenon occurs during the monsoon over West Africa, the reduction of the convective movement on the large scale would be sufficient to reduce significantly the moisture inflow from the Gulf of Guinea in the lower and the middle strata. Such reduction in moisture inflow towards the north may induce a delay in the onset of the monsoon and also a reduction of its intensity, leading to less precipitation. MAM ( Figure 12 ). This cooling seemed more important during the monsoon period than the MAM period. Results reveal also warming zones, notably along the coasts, SouthWestern Burkina Faso, South-Eastern Mali, Northern Côte d'Ivoire, Western Nigeria, through to Northern-Cameroon until West of Central African Republic. Over the Ocean, there was a weak dust-induced warming. This may be attributed to dust depositional phenomena. During the monsoon period, dust-induced cooling is more important. A global cooling was observed over the Southern part of the American continent during the period MAM while warming occurred over the coasts from Guyana to Brazil (Figure 12 ). The zonal profile section of temperatures indicated a warming at the sea surface between longitudes 18
Effect of Dust on
• W and 50
• W, and a cooling under the domain. The cooling was observed from the surface to the middle of the troposphere around 700 hPa ( Figure 13 ). The meridional profile section of temperatures was in conformity with the cooling observed at the surface due to Saharan and Sahelian dust (Figure 14) . The cooling at the surface was greatly accentuated and extended from the continent until the coasts during the monsoon period. However, at around 12
• N, a warming seemed to occur.
Effect of Dust on Precipitations.
Using regional climatic modeling, some authors such as Konaré et al. [24] and Solmon et al. [25] found a reduction in precipitations, but other authors [23, 27] found an increase in precipitations using a global climatic model. Most of the studies conducted were focused on the monsoon period but this study considered the intermediate period MAM by analyzing the impact of dusts at a local scale outside the monsoon system. Results revealed that the Saharan and Sahelian dusts caused drying effect in the region during the two periods: MAM and JJA ( Figure 15 ). However, there were some zones of increased precipitations even though dust quantities were low. These included Northern-Liberia, Southern-Guinea, middle of Central African Republic, Caribbean Island, and the American coasts. During the monsoon, the dusts can induce circulation in opposite direction to the monsoon flow, which favors its weakening having the consequence of reducing precipitation. At the local level (i.e., MAM), the cooling caused can inhibit the convection and that explains the observed reduction of precipitations. These results agreed with Solmon et al. [25] who showed that dusts significantly impact on the monsoon development in West Africa by interacting with incident and reflected radiation.
Conclusion
Our study allowed analysis of simulated dust emissions from the Sahara and Sahel, using the regional climate model (RegCM). The trajectory of dust plumes were also analyzed for the months March, April, and May 2010 using the same model and other observations. The analysis revealed a seasonality of trajectories associated with the seasonality of altitudes reached by dusts plumes. The vertical profile of dust concentrations revealed a progressive increase in altitude during the period, "December-January-February (DJF)" to the period "June-July-August (JJA)," with a transition altitude during the period "March-April-May (MAM)." Indeed, during the period DJF, dust plumes flow in the low altitudes while high altitudes are reached during the period JJA. The model well captured the variability of various episodes at the African stations (Banizoumba, Cinzana, and M'Bour). However, it underestimated the peaks of AOD values compared to the observations. In the Barbados Islands, it satisfactorily reproduced the variability of AOD values even though it did not capture all the peaks shown by the AERONET observations. Part of the differences between the AOD values and those of the observations from AERONET, during the month of March, is probably due to the exclusion of biomass fires from this study although they were present in the West African landscape.
The study of the impact on precipitations and local temperatures of Saharan and Sahelian dusts (outside the monsoon period) indicated that dusts could exert a cooling effect in the whole region both during the period MAM and the monsoon period (JJA). This was in agreement with the studies of Konaré et al. [24] and Solmon et al. [25] for the period JJA. However, the extension over the Atlantic Ocean did not modify the results found by these previous studies. The cooling at the surface was accompanied by a decrease in local precipitations during the period (MAM) in the studied domain with the exception of some zones in Central Africa, West Africa (Southern-Guinea and NorthernLiberia), Caribbean, and South America, where increased in precipitations were observed.
Another study is currently being undertaken to take into account the emissions coming from bush fires in order to know their contributions to observed values and analyze their roles in climatic processes in West Africa and over the Atlantic Ocean.
